Streptococcus mitis is found in the oral cavity and nasopharynx and forms a significant portion of the human microbiome. In this study, in silico analyses indicated the presence of an Rgg regulator and short hydrophobic peptide (Rgg/ SHP) cell-to-cell communication system in S. mitis. Although Rgg presented greater similarity to a repressor in Streptococcus pyogenes, autoinducing assays and genetic mutation analysis revealed that in S. mitis Rgg acts as an activator. Transcriptome analysis showed that in addition to shp, the system regulates two other downstream genes, comprising a segment of a putative lantibiotic gene cluster that is in a conjugative element locus in different members of the mitis group. Close comparison to a similar lantibiotic gene cluster in Streptococcus pneumoniae indicated that S. mitis lacked the full set of genes. Despite the potential of SHP to trigger a futile cycle of autoinduction, growth was not significantly affected for the rgg mutant under normal or antibiotic stress conditions. The S. mitis SHP was, however, fully functional in promoting cross-species communication and increasing S. pneumoniae surface polysaccharide production, which in this species is regulated by Rgg/SHP. The activity of SHPs produced by both species was detected in cocultures using a S. mitis reporter strain. In competitive assays, a slight advantage was observed for the rgg mutants. We conclude that the Rgg/SHP system in S. mitis regulates the expression of its own shp and activates an Rgg/SHP system in S. pneumoniae that regulates surface polysaccharide synthesis. Fundamentally, cross-communication of such systems may have a role during multispecies interactions. IMPORTANCE Bacteria secrete signal molecules into the environment which are sensed by other cells when the density reaches a certain threshold. In this study, we describe a communication system in Streptococcus mitis, a commensal species from the oral cavity, which we also found in several species and strains of streptococci from the mitis group. Further, we show that this system can promote crosscommunication with S. pneumoniae, a closely related major human pathogen. Importantly, we show that this cross-communication can take place during coculture. While the genes regulated in S. mitis are likely part of a futile cycle of activation, the target genes in S. pneumoniae are potentially involved in virulence. The understanding of such complex communication networks can provide important insights into the dynamics of bacterial communities.
S. pneumoniae D39 as a reference against relevant mitis group members. The search was performed using the expanded Human Oral Microbiome Database (HOMD) (32) , a curated and comprehensive database on the bacterial species present in the human aerodigestive tract. Entries of species belonging to the mitis group of streptococci were included in the search, with the only exclusion being S. pneumoniae since it was recently described (28) . In total, we examined 15 strains of S. mitis, 1 strain of S. gordonii, 9 strains of S. oralis, 13 strains of S. sanguinis, and 7 strains of S. parasanguinis. The results are presented in Table 1 . The short coding sequences for SHP are often tightly linked to the regulator gene and contain between 20 and 25 codons. In this analysis, close to 20% of the strains surveyed presented an ORF in the upstream region of Rgg putatively coding for shp. In particular, 40% of the included S. mitis strains presented the sequence for a potential pheromone in the antisense strand upstream of the regulator. Such findings indicate that the putative cell-to-cell communication system is frequently present in the oral commensal species of the mitis group. In the species containing the sequence for a potential peptide pheromone, the downstream region to shp differed significantly among them. Further, there were also variations in shp that might affect the activation potential of these peptides. Since one of the strongest homology hits was in the type strain of S. mitis, this system was further investigated in this study.
The SHP produced by S. mitis acts as an autoinducer. The Rgg in S. mitis (SM12261_0094) presents 74% identity and 87% similarity to the Rgg0939 in S. pneumoniae. The predicted mature SHP sequence shows difference in only one isoleucine residue at position 5: N-DIIIIVGG (S. pneumoniae D39) versus N-DIIIVGG (S. mitis type strain). As one of the core characteristics of quorum-sensing systems is the positivefeedback loop created by the pheromone autoinducing its own gene, the shp mRNA expression was assessed in cultures treated or not treated with the synthetic SHP (sSHP) from S. mitis (N-DIIIVGG). An SHP concentration of 4.5 M was chosen based on studies with other streptococcal species indicating that this concentration would saturate the system. Pellet collection for RNA extraction was performed at 2 h due to previous reports indicating high activation of the pheromone system at this time point (28) . In addition, since we have been unable to find a chemically defined peptide-free medium that works well for S. mitis, we opted to test rich and semidefined media for activation of the system. As shown in Fig. 1A , in treated samples the shp expression was Ͼ200-fold higher, and this induction was slightly higher in CϩY (semidefined medium) compared to tryptone soya broth (TSB; rich medium). Conversely, the rgg expression remained unaltered in both media and the treatment group (Fig. 1B) . Such findings indicate that the Rgg/SHP system in S. mitis is active.
Transcriptome analysis of the response to sSHP. Rgg/SHP quorum-sensing systems have been shown to regulate the expression of a variety of genes with different functions in streptococci (11, 12, 20, 21, 23, 24, 28) . RNA sequencing was performed to address the gene expression in samples treated or not treated with the sSHP. The complexity of the medium has been shown to play a role in the activation potential of quorum-sensing systems (24) ; thus, we assessed the patterns of expression both in TSB and in CϩY. Considering a threshold for an up-or downregulation of 2-fold and a statistically significant differential expression, as measured by DESeq (P Ͻ 0.05), there were 13 genes differently expressed in TSB and 6 genes differently expressed in CϩY ( Table 2) . Two genes, SM12261_0093 and SM12261_0092, were strongly upregulated and commonly identified in both conditions ( Fig. 2A) , and they are located just downstream of shp, forming a single continuous transcript, as shown in Fig. 2B . In TSB, the rgg was also upregulated 5-fold. Interestingly, in CϩY, a three-gene iron-compound transport locus (SM12261_0514, SM12261_0515, and SM12261_0516) was downregulated almost 3-fold. Auxiliary quantitative reverse transcription-PCR (qRT-PCR) analyses confirmed the upregulation of SM12261_0093 and SM12261_0092 while not confirming the differential expression observed for rgg and the iron-compound transport locus (data not shown). Overall, the RNA sequencing data indicate that the main targets of Interspecies Activity of Small Hydrophobic Peptides Applied and Environmental Microbiology the system in S. mitis type strain are shp and the two genes, SM12261_0093 and SM12261_0092, located immediately downstream. Rgg0094 functions as a transcriptional activator. Transcriptional analysis data indicated that shp autoinduction was highly increased by treatment with the sSHP. Since this system in S. mitis has a promoter and a gene sequence with high similarity to Rgg3 in S. pyogenes that acts as a transcriptional repressor (21) , we investigated whether the Rgg in S. mitis would be acting as an activator or as a repressor. A Δshp luciferase reporter for the promoter of shp (MI093) was constructed and incorporated into the chromosome of S. mitis to facilitate the assessment of autoinduction. This construct was also inserted in a Δrgg strain (MI099) for measurement of the expression levels without the presence of the regulator. Considering that the activation pattern and genes regulated were similar between rich and semidefined media, the reporter experiments were performed in the semidefined medium CϩY. In the luciferase reporter assay, addition of sSHP increased the gene expression of shp (Fig. 3A) , as shown with the qRT-PCR data above. In the absence of Rgg, shp expression was maintained at the same levels of the untreated controls with or without the addition of sSHP. Altogether, these results indicate that Rgg0094 is an activator protein rather than a repressor. In addition, under these conditions, no other regulator protein seemingly interacts with SHP to promote gene activation in the referred promoter site, since the Δrgg mutant showed no differential expression in the locus with or without sSHP. Although the luciferase reporter seemed to be less sensitive than qRT-PCR, the pattern of induction was similar. The interaction of Rgg and the signal peptide SHP has been shown to be intracellular and to require the oligopeptide permease (Opp) as an importer of the peptide (19, 21, 24) . The SHP peptide addressed in this study belongs to the same group as the systems previously described in S. pyogenes (21) , S. agalactiae (24) , and S. pneumoniae (28) ; however, the mature peptide sequence presents one less isoleucine residue than the other systems. Thus, it was sought to determine whether Opp would also be responsible for the import of the peptide. A pshp-luc reporter strain was constructed in a ΔoppD background strain, yielding mutant MI100. As shown in Fig. 3A , without Opp, the sSHP added to cultures had no significant effect on luminescence activity. This finding indicates that Opp is the importer of the SHP in S. mitis as well.
Deletion of rgg does not affect growth under normal or antibiotic stress conditions. The targets for Rgg in S. mitis were shown to only be the shp and a downstream two-gene locus, which is possibly nonfunctional and can trigger a futile cycle. In addition, Rgg systems have been shown to be involved in stress responses (33) (34) (35) . Thus, we tested whether the presence of Rgg would affect the species ability to grow in normal and in antibiotic stress conditions. Growth in the presence of ciprofloxacin (DNA-gyrase inhibitor), erythromycin (protein synthesis inhibitor), ampicillin (cell wall inhibitor), and nisin (bacterial membrane disruptor) was assessed to determine the concentration necessary to inhibit the growth of each strain. These drugs were selected since they target different functions in bacteria and can provide a wider assessment of the potential role the system in antibiotic stress response. However, the Δrgg mutant strain showed no differences compared to the type strain control (Fig. 4 ). To maximize any potential difference, the addition of sSHP was included in the type strain as well. These results indicate that the deletion of Rgg does not affect S. mitis growth under normal or antibiotic stress conditions. SHP peptides from S. pneumoniae and S. pyogenes interact with Rgg0094 to promote gene transcription. Previous studies have shown that while some Rgg regulators promiscuously respond to different SHPs, others are more specific and
The Rgg-regulated transcript showed no effect on growth under normal and antibiotic stress conditions. Strains were inoculated into wells containing a range of antibiotic concentrations diluted in rich medium TSB. The plate was incubated overnight at 37°C and 5% CO 2 . At 20 h, the OD 600 was measured in a plate reader. No growth was defined as no increase in OD 600 from the initial inoculum (OD 600 ϭ 0.1) over the 20 h of the experiment. The synthetic peptides from S. mitis (DIIIVGG) and from S. salivarius (PYFTGCL) were added at a final concentration of 1 M. At least three independent biological experiments were conducted. Each bar represents the mean and SEM of each group. seemingly respond exclusively to their native signal peptide (29) (30) (31) . The SHP sequence in S. mitis is unique (DIIIVGG); however, it presents only one different residue in its predicted mature form compared to other group I peptides (DIIIIVGG or DILIIVGG). To assess whether the peptides from other streptococcal species could stimulate autoinduction in S. mitis, the shp reporter strain was used. Initially, to measure the concentration of peptide necessary for saturation of the system, the reporter strain was stimulated with varied concentrations of the S. mitis sSHP. As shown in Fig. 3B , saturated levels of autoinduction are observed for concentrations greater than 500 nM. In addition, concentrations as low as 62.5 nM already showed stimulation of the system. Further, SHPs produced by other streptococci were synthesized and added to cultures of the reporter strain for assessment of the activation potential. Alongside the peptide of S. mitis type strain (DIIIVGG), the following peptides were used: DIIIIVGG from S. pneumoniae and S. pyogenes (21, 28) , DILIIVGG from S. agalactiae and S. pyogenes (21, 24) , ETIIIIGGG from S. mutans (30) , EIIIILPFLTNL from S. pneumoniae (20) , and PYFTGCL from S. salivarius (36) . The peptides presenting the greatest similarity (DIIIIVGG and DILIIVGG) to the peptide from S. mitis (DIIIVGG) showed high shp induction (Fig. 5A ). This finding is in line with previous cross-communication studies that strongly indicate the occurrence of cross-communication among streptococcal species through Rgg/SHP systems (29, 30) . As the previous sections of this study have indicated, only one Rgg in S. mitis is responsible for the activations of this locus. As such, to test whether the peptides from S. pneumoniae, S. agalactiae, and S. pyogenes were interacting with the same regulator in S. mitis, their activation potential was tested in the Δrgg pshp-luc strain. None of the SHPs activated autoinduction when Rgg is absent (Fig. 5B ). Altogether, these findings show that the Rgg/SHP system in S. mitis can be stimulated with the peptides DIIIIVGG and DILIVGG produced by closely related streptococci. In addi- tion, it is plausible to conclude that all interactions are coordinated by Rgg0094 in S. mitis type strain CCUG31611 (S. mitis T ).
The S. mitis SHP can trigger an increase in surface polysaccharide production in S. pneumoniae. A recent study shows that the Rgg/SHP system in S. pneumoniae is responsible for the activation of a cluster of 11 genes that seemingly regulates surface polysaccharide production (28) . We showed above that the peptide produced by S. pneumoniae could trigger the activation of the system in S. mitis. To test whether the peptide produced by the S. mitis could stimulate surface polysaccharide production in S. pneumoniae, the D39 derivative unencapsulated strain R36 was cultured and treated in the presence of the synthetic SHP0094. For assessment of surface polysaccharide production, the zone of exclusion of fluorescein isothiocyanate (FITC)-dextran (28, (37) (38) (39) was measured in the different treatment groups. Treatment with both the S. pneumoniae SHP and the S. mitis SHP significantly increased surface polysaccharide production compared to the untreated group (Fig. 6 ). In addition, as a negative control, treatment with the S. salivarius SHP showed no difference in polysaccharide production. Moreover, it was also observed that the SHP from S. mitis induced the expression of all genes in the operon similarly to the region induced by the S. pneumoniae SHP (see Fig.  S1 in the supplemental material). No effect on the surface polysaccharide expression was observed upon treatment of the S. mitis type strain with sSHP (data not shown). These findings show that not only the novel Rgg/SHP system in S. mitis can respond to signals from other streptococci, but it can also trigger the activation of the system in S. pneumoniae and, more importantly, trigger a phenotypic response characterized by increased production of surface polysaccharides.
Cross-communication is observed during coculture. The results presented above show that interspecies activation of Rgg-regulated pathways occurs when a synthetic purified peptide is provided to growing cultures of streptococci. To investigate whether such cross-communication occurs under growth in the absence of synthetic peptides, coculture assays were conducted with the S. mitis Δshp strain and the S. mitis type strain or S. pneumoniae D39. First, it was tested whether growth in the presence of mannose and smaller amounts of glucose would increase the response of the system in S. mitis, as shown in a previous study in S. pyogenes (40) . CϩY medium with added mannose (1%) and lower levels of glucose (0.02%) contributed to a slightly higher expression from the shp reporter (Fig. S2) . Thus, cocultures were prepared in this medium with equal amounts of each species. Growth and luminescence were monitored over time in a plate reader, and each combination was plated at selected time points to measure the mixed bacterial ratio. Cocultures of the S. mitis Δshp luciferase reporter with the S. mitis
The peptide of S. mitis type strain triggers an increased surface polysaccharide production in S. pneumoniae R36. Each dot represents either the light microscopy area or the measurement of the FITC-dextran exclusion area for a single diplococcus. DIIIVGG peptide was synthesized based on the sequence found in S. mitis T . DIIIIVGG was synthesized based on the S. pneumoniae D39 shp sequence. PYFTGCL was synthesized based on the shp sequence of S. salivarius. Each line represents the mean and the SEM of each group. FITC results from the four samples were compared to one-way ANOVA, followed by Tukey's multiple-comparison test (ns, not significant; ****, P Ͻ 0.0001). type strain or S. pneumoniae D39 showed activation of the system, which indicates that the peptides are indeed produced by both species (Fig. 7) . Together, these results indicate that cross-communication can readily take place in bacterial communities with members of the mitis group of streptococci that share such Rgg/SHP systems.
Absence of Rgg provides a slight competition advantage to S. mitis and S. pneumoniae. Since both S. mitis and S. pneumoniae colonize the human upper respiratory tract and oral cavity, and Rgg/SHP systems seem to regulate different behaviors on the different species and even strains, it is important to understand whether such cell-to-cell signaling systems can have an impact on competition. Different combinations of strain pairs, including the S. mitis type strain, S. pneumoniae D39, and their isogenic Δrgg mutants, were inoculated into CϩY and grown for 4 h, after which they were plated for CFU counts. For both species, when Rgg was not present, and the transcriptional target was therefore not activated, the wild type gained a slight advantage (Fig. 8 ). This result indicates that Rgg/SHP systems may have an impact on competition between the two species.
DISCUSSION
Quorum sensing has been gaining increasing attention due to its ability to coordinate microbial behavior. As such, interference with signaling poses as an interesting alternative to disrupt pathological behavior and fight infections. We report here the characterization of a cell-to-cell signaling system in the oral commensal S. mitis type strain that allows for interspecies cross-communication with the pathogen S. pneumoniae D39. More importantly, this signal can lead to phenotype change in the latter, as observed by an increase in cell surface polysaccharide expression, and may play a role during competition.
In the S. mitis type strain, the main targets of the Rgg/SHP system were identified in the present study as SM12261_0093, an ABC transporter ATP-binding protein, and SM12261_0092, a conserved hypothetical protein. Previous analyses of ABC transporters in S. pneumoniae (41) categorize SM12261_0093 homologues in S. pneumoniae D39, R6, and TIGR4 as "orphan" proteins since they only present the ATPase domain of an ABC transporter. A closer analysis of SM12261_0093 homologues in the fully sequenced genomes of S. pneumoniae revealed the presence of a larger gene coding for the ABC transporter in the strains JJA, A45, A66, ATCC 700669, INV104, SPN033038, and SPN032672. In these cases, the larger transporter gene also presents a peptidase and a permease domain just upstream of the ATPase domain. In addition, the ABC transporter is annotated as a lantibiotic transporter system, and there are other genes in the locus that are highly similar to modification enzymes and immunity proteins. However, no bacteriocin/lantibiotic prepeptide genes were identified in these referred strains. Remarkably, a previous study (42) has shown that this locus in S. pneumoniae is, in fact, located in an integrative and conjugative element (ICE), representing mobile genetic entities that can be disseminated between bacteria through conjugative transfer. This ICE-derived genomic island was described as the pneumococcal pathogenicity island 1 (PPI-1), which includes virulence genes such as the PezAT toxin-antitoxin (TA) system, the iron uptake locus piaABCD, and others (43) (44) (45) . Croucher et al. (42) addressed the role of conjugative elements in S. pneumoniae strain ATCC 700669, a member of the serotype 23F ST81 lineage, and showed that the potentially complete lantibiotic locus is present in some strains, while in others only the transporter and the immunity proteins are found ( Fig. 9 ). Moreover, this gene cluster was found to be a two-peptide lantibiotic similar to mersacidin and lichenicidin. As such, it contains genes for two lantibiotic prepeptides, two modification enzymes (LanM), a transporter with a protease Cocultures of pairs of strains were created by 1:1 inoculation in CϩY and incubated for 4 h at 37°C and 5% CO 2 prior to plating. CFU were counted in plain and selective plates to estimate each strain and to calculate the ratio just after inoculation and at the end of the incubation period. The ratio in the y axis was calculated by dividing the final ratio of S. mitis (blue) to S. pneumoniae (red) at the end of incubation by the initial ratio at the start of the experiment -the ratio of 1 represents no difference in the competition. CI performed in CϩY with the addition of 1 M of sSHP from S. mitis (SHP0094) for activation of the systems. ANOVA, followed by Tukey's post hoc test, was performed (*, P Ͻ 0.05; ***, P Ͻ 0.001). At least three independent biological experiments were conducted.
FIG 9
A segment of the locus downstream of shp is conserved in S. mitis compared to S. pneumoniae. A black background pattern shows the conserved areas in S. pneumoniae and S. mitis, whereas red areas highlight segments involved in lantibiotic production and immunity that were likely lost in S. mitis type strain. "shp*" indicates an interruption in the mature sequence of the peptide (DIIII). domain (LanT), and three genes coding for immunity proteins (LanEFG) (46) . Similar lantibiotics have been shown be produced by other species and can inhibit a wide range of gram-positive organisms, including methicillin-resistant Staphylococcus aureus (47) . The presence of putative relaxases, integrases, mobilization and plasmid replication genes, and ribosomal protein ORFs in the vicinity of the Rgg/SHP locus in S. mitis also supports the presence of an ICE in this locus (48) .
A high variation in the PPI-1 has been observed across different serotypes and strains (44, 49) . In particular, Harvey et al. compared serotype 1 nonvirulent and virulent isolates to identify factors that could alter the outcome of infection (49) . Accordingly, in the PPI-1 region, the locus immediately downstream of the Rgg regulator is part of an accessory region that presents high variability across different strains. More importantly, the partial lantibiotic gene cluster found in strain ATCC 700669 was highlighted as a replacement for a region associated with high virulence in other isolates (49) . It is important to note, however, that while strains such as ATCC 700669 present a partial lantibiotic locus, the genes encoding immunity are maintained, which could be advantageous when competing for resources, in particular against strains producing the referred lantibiotic (42, 49) . However, addressing the question of whether the full lantibiotic locus found in strain SP23-BS72 provides a competitive advantage against susceptible strains and species can lead to a better understanding of the ecological relationship among different strains of the pathogen. In other members of the mitis group of streptococci, as shown in this study, the substantial variation of the Rgg locus and putative regulons is also observed, particularly in S. mitis. The current hypothesis indicates that this genetic island originated as an ICE insertion that has either degenerated or recombined in many strains of S. pneumoniae (42) , which may also hold true for S. mitis given that only a section of the gene cluster is present in the oral commensal. Interestingly, the mature shp gene is present in S. pneumoniae SP23-BS72 and S. mitis type strain, but it is interrupted at position 6 (DIIII) in S. pneumoniae ATCC 700669 (28) . This indicates that both S. pneumoniae ATCC 700669 and the S. mitis type strain have likely lost part of the gene cluster in independent events. In the S. pneumoniae strain SP23-BS72, the rgg gene is 95.7% identical to strain D39 (SPD_0939). Further, the locus between rgg and shp containing the promoter sites is also remarkably similar, showing 88.5% identity. This includes the sequences of SHP, which in its full 23-amino-acid sequence presents only one divergent residue at position 12, and the predicted mature 8-amino-acid sequence is identical between SP23-BS72 and D39. Fundamentally, the identification of the target locus in an ICE sheds light into the reason for lack of conservation of the Rgg/SHP system in members of the mitis group compared to other streptococci, such as S. agalactiae and S. pyogenes (21, 24) .
Previous studies show cross-communication between streptococcal species through Rgg/SHP systems (29, 30) . Bidirectional signaling is found to activate promoter transcription in S. pyogenes, S. agalactiae, and S. dysgalactiae. Further, cross-communication regulates biofilm formation in S. pyogenes (21, 29) . Remarkably, interaction is also observed between different groups of Rgg/SHP systems as a group II reporter system in S. mutans UA159 responded to both its peptide ETIIIIGGG and the DIIIIVGG peptide, found in the genomes of S. pyogenes and S. pneumoniae D39 (30) . In this study, it was found that the peptides DIIIIVGG and DILIIVGG from S. pneumoniae, S. agalactiae, and S. pyogenes stimulate the activation of the system in S. mitis, while no response to peptides from other groups was observed. This is in line with the findings from Fleuchot et al. that showed cross-communication response in the S. mutans system, which produces ETIIIIGGG, but not in S. agalactiae, which produces DILIIVGG (30) . Moreover, this study showed data for cross-communication in the presence of the synthetic peptide and during coculture, which strongly suggests that both S. mitis T and S. pneumoniae D39 produce the peptide in an active form. The finding that not all strains of S. pneumoniae and S. mitis present the complete peptide gene suggests that cross-communication may play a role in coordinating transcriptional responses in a bacterial community.
The direct target of the complex Rgg-SHP in S. mitis type strain was found to be the two genes immediately downstream of shp. Not all genes that are putatively required for this potential lantibiotic-producing cluster are present in the genome of S. mitis type strain, which indicates it might not be functional. However, despite ATPases being often encoded together with their coupled transporters, it is suggested that an "orphan" ATPase could energize multiple sugar uptake ABC transporters in S. pneumoniae (50) . As such, while this study found no evident effect of the system on the stress response and biology of S. mitis T in the presence of ciprofloxacin, erythromycin, ampicillin, or nisin, the possibility of this gene being involved in other transport pathways should not be ruled out. In addition, through unknown mechanisms, the partial lantibiotic biosynthesis locus in S. pneumoniae ATCC 700669 and others is associated with nonvirulent behavior (49) , suggesting that this locus might indeed be involved in other pathways. Regardless, even if the system in S. mitis T may only present a role in self-regulation, the production of SHP in itself could have implications in cross-communication and potentially during competition. Since Rgg/SHP systems have been shown to coordinate different genes and functions in a variety of streptococcal species, it is puzzling that these signal peptides cross-communicate among different species and strains to coordinate different behaviors. These systems are likely part of complex networks that rearrange and recombine more often compared to other parts of the genome, potentially adjusting and adapting to selective environmental pressures. To place bacteriocin and lantibiotic production under the control of quorum-sensing systems is not unusual in streptococci, as exemplified by the widely studied competence system in S. pneumoniae that relies on a tight connection between the stimulation of competence and bacteriocin production (51, 52) . In addition, other lantibiotic biosynthesis gene clusters have been shown to be regulated by quorum sensing both in S. pneumoniae with the TprA/PhrA system (27, 53) and in other bacteria, which includes the lantibiotics nisin by Lactococcus lactis and subtilin by Bacillus subtilis (54) . Interestingly, S. mitis type strain presents the TprA gene, but the PhrA and the lantibiotic biosynthesis cluster downstream are not conserved, which could indicate that the fitness cost for maintaining the lantibiotic-producing machinery is not optimal. To coordinate the expression of such compounds by cell density might be useful since it increases the chance of horizontal gene transfer in a given population (42) . Overall, quorum-sensing signals often regulate mechanisms that provide fitness advantages in response to environmental conditions such as nutrient availability and cell density (8, 12, 55) . S. mitis has likely evolved with diverse mechanisms that allow it to successfully colonize hostile environments, such as the oral cavity. Fundamentally, the understanding of the complex pathways coordinated by cell-to-cell communication might provide important insights regarding the host-microbiome relationship.
MATERIALS AND METHODS
Bacterial strains and media. All used strains and primers are listed in Table 3 . Strains were cultured in tryptone soya broth (TSB; Oxoid, Hampshire, UK) or CϩY (56) . For storage, media were supplemented with 30% glycerol. Agar plates were prepared with blood agar base 2 (Oxoid, Hampshire, England) supplemented with defibrinated sheep blood (5%) (TCS Biosciences, Ltd., Buckingham, United Kingdom). For mutant selection and recovery, antibiotics were used at the following concentrations: kanamycin, 500 g/ml; erythromycin, 10 g/ml; and spectinomycin, 500 g/ml. Preculture stocks were prepared as described previously (57) . All peptides utilized in the assays were obtained from GenScript (GenScript, Piscataway, NJ) as custom synthetic peptides and stored as sterile 10 mM solutions at Ϫ20°C (Table 3) .
qRT-PCR. For qRT-PCR, precultures were diluted 1:10 and were allowed to grow in TSB or CϩY under the specific conditions of each experiment. At specific time points, cells were harvested at 8,000 ϫ g and 4°C for 8 min. RNA was extracted with a High-Pure RNA isolation kit (Roche), and cDNA was generated using a first-strand cDNA synthesis kit (Thermo Scientific; Fermentas). The primers used are listed in Table  4 . For qRT-PCR, Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific) was utilized according to the manufacturer's protocol.
RNA sequencing. Cultures of S. mitis type strain were grown in TSB or CϩY at 37°C and 5% CO 2 for 20 min. The culture was then divided in two, and sSHP (DIIIVGG) was added to half of the sample. Cultures were grown at 37°C and 5% CO 2 for 2 h, and pellets were harvested and stored at Ϫ80°C. RNA extraction, enrichment, cDNA synthesis and labeling were performed as recently described (28, 58) . Sequencing was performed with Illumina HiSeq at the Norwegian Sequencing Centre (http://www .sequencing.uio.no). Analyses and mapping followed previously described protocols (58, 59) . Briefly, from the FASTQ file generated from each samples, Bowtie was used to map the nucleotide reads to the genome of S. mitis type strain under GenBank accession number NZ_AEDX00000000.1. To map each read to the correct strand, SAMtools software was used, and visualization was graphed in the JBrowse viewer. Differential expression analyses in untreated and treated samples were determined based on the read profiles using a Perl script. The DESeq package from Bioconductor was used to assess the differential levels when comparing samples. Significance was set at P Ͻ 0.05. The transcriptome sequencing (RNA-Seq) raw data can be accessed at BioProject accession number PRJNA488478 in the NCBI BioProject database.
Contruction of mutants. Primers used for construction of mutants are listed in Table 5 . Mutants MI070 and MI075 were constructed by a PCR mutagenesis method described previously (60) . Briefly, the flanking regions of the knockout gene were amplified and ligated with a kanamycin resistance cassette. For the construction of a luciferase reporter (61), the promoter region of shp was amplified with the primers FP853 and FP854. After restriction with NheI and BamHI, the amplicon was ligated to pFW5-luc (spectinomycin resistance [Spc r ]) and cloned into Escherichia coli as previously described (61, 62) . Further, the correct plasmid was purified and transformed into the S. mitis T , being incorporated in the chromosome by single crossover recombination. To avoid transcriptional changes in the tightly regulated locus of the Rgg/SHP system, the pshp-luc segment was amplified and inserted into an area of the S. mitis genome that showed no transcription and no predicted ORF, upstream of genes SM12261_0592 and SM12261_0593. In addition, we observed no phenotype for any of the mutants with this construct. The shp gene was deleted to minimize the background expression levels of the system, resulting in mutant MI093. The construction of the markerless deletion of shp (MI091) has been recently described (62) . MI097 was constructed similarly. Mutants MI099 and MI100 were obtained by natural transformation of MI093 with amplicons constructed from MI070 and MI097. Reporter assays. Precultures of the strains were diluted 1:10 in TSB or CϩY in the presence or absence of different concentrations of sSHP. Aliquots of 200 l were then distributed among the wells of 96-well microtiter plates (Nunc Thermo Scientific). Blanks containing pure medium were used. A 10-l volume of a 1 mM D-luciferin solution (Synchem, Felsberg-Altenberg, Germany) was added to each well, and cultures were incubated at 37°C. For cross-communication experiments, strains were added 1:1 in CϩY with 1% mannose and 0.02% glucose, followed by incubation for 5 h at 37°C in a plate reader. At the selected time points, cultures were plated for CFU count. Relative luminescence units (RLU), and the optical densities at 600 nm (OD 600 s) were measured at various time intervals during growth in a microplate reader (Synergy HT; BioTek, Winooski, VT). The luminescence sensitivity was set to high, and for data analysis the background values were subtracted.
Surface polysaccharide assessment. The degree of surface polysaccharide production was determined by measuring the zone of exclusion with FITC-dextran (2,000 kDa; Sigma) as described previously (28, 37, 39) .
Growth under normal and antibiotic stress conditions. Growth under normal and antibiotic stress assays were performed in 96-well plates with 2-fold serial dilutions of antibiotics: ciprofloxacin, 1 to 16 g/ml; ampicillin, 0.05 to 0.8 g/ml; erythromycin, 0.05 to 0.8 g/ml; and nisin, 12.5 to 200 g/ml. All experiments included a control without antibiotics in addition to a blank medium control. Bacterial cultures were prepared by inoculating colonies from an overnight agar plate in TSB until they reached an OD 600 of ϳ0.1. The bacterial culture of the type strain was divided into three parts: the first part with sSHP added, second with a negative-control peptide, and the third part received no treatment. The MI070 culture was not supplemented with any peptides. The bacterial culture (2ϫ concentration) was aliquoted into the 96-well plate and mixed with the antibiotic solution (2ϫ). At least three independent biological experiments were performed. The OD 600 was measured at the start of the experiment; the plate was covered with a Top Seal lid to avoid evaporation, and the OD 600 was measured again at 20 h. The plate was incubated in 37°C and 5% CO 2 . Inhibition of growth was defined as no increase in the OD 600 from the starting point at 0.1 over the 20 h of the experiment.
CI. Competitive index (CI) was conducted as described previously (28, 63) . Briefly, 5 ϫ 10 6 CFU of each strain was added in a 50 l volume to a total of 1 ml of CϩY medium that was then incubated for 4 h at 37°C and 5% CO 2 . After inoculation and at the end of incubation, the cultures were plated onto regular and selective media for calculation of the ratio. Different combinations of two competitors from the S. mitis type strain, S. pneumoniae D39, and their isogenic Δrgg mutants were assessed as described in the figure legends. To allow for one strain to be detectable in selective media, MI048, a pldh-luc reporter strain containing an Spc r cassette, was used in place of the S. mitis type strain. The CI was calculated by dividing the outcome ratio by the inoculum ratio.
Statistical analysis. To compare two groups, a Student t test was used. For three or more groups, one-way analysis of variance (ANOVA), followed by Tukey's post hoc test was used. Significance was set at a P value of Ͻ0.05. Details of the statistical analyses conducted with the transcriptomic data are available in the RNA sequencing section of Materials and Methods.
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